The calcium-sensing receptor is a multimodal, multimetabolic sensor that mediates the feedback-dependent control of whole body calcium metabolism. Remarkably, in addition to its role in Ca o . Here, we review the evidence that the CaR, like other closely related members of the class 3 GPCR (G-protein-coupled receptor) family including GPRC6A, is a broad-spectrum amino acid-sensing receptor, consider the nature of the signalling response to amino acids and discuss its physiological significance.
Introduction
The calcium-sensing receptor is a class 3 GPCR (G-proteincoupled receptor) that mediates the effects of multiple nutrients and metabolic signals including Ca 2+ o (extracellular Ca 2+ ) and extracellular Mg 2+ , organic multivalent cations including the polyamine spermine, ionic strength, and α-amino acids and related oligopeptides (for reviews, see [1, 2] ). In this respect, the CaR (Ca 2+ -sensing receptor) shares pluripotency along with other class 3 GPCRs that mediate taste (for a review, see [3] ). With various signals to process and numerous signalling pathways to access, the CaR acts as a multichannel switch box, providing ligandselective control of physiological responses. The physiological response to changes in the concentrations of specific nutrients depends on context. Cellular context, for example, determines which signalling adaptors and enzymes are expressed and, thus, which pathways are available for receptor-dependent activation. Cellular context also determines, of course, which physiological effector responses can be accessed. Compartment-specific effects arise from variations in ionic and nutrient composition. What are the normal concentration ranges for the receptor's activators in the compartment? Are they relatively stable or subject to substantial fluctuations? Excursions in nutrient concentration may have a substantial impact on receptor response. In the present paper, we review the evidence suggesting that the CaR plays a key role in sensing variations in the concentrations of L-amino acids and explore its physiological significance. We show that the CaR's response to amino acids is dependent not only on variations in amino acid concentration to which the receptor is exposed but also on the prevailing Ca 
Activation of the CaR by l-amino acids
As a member of the class 3 GPCR subgroup, the CaR is related structurally to various receptors for amino acids including the metabotropic glutamate receptors, which are specific for the acidic amino acid glutamate, and several taste receptors that respond in some cases to D-amino acids and, in others, to short peptides such as aspartame (Asp-D-Phe). The class 3 subgroup also includes at least two receptors with broad-spectrum amino acid-sensing properties: GPRC6A, which recognizes basic and various aliphatic amino acids, its apparent orthologue, the fish 5.24 receptor, and a specific taste receptor heterodimer (T1R1-T1R3), which responds to aliphatic and polar amino acids (for a review, see [4] ). 
Dependence of amino acid activation on Ca

2+ o concentration
Ca 2+ o is absolutely required for receptor activation by amino acids. In this sense, amino acids are allosteric activators and Ca 2+ ions prime the receptor for activation by amino acids (Figure 1 ). One possible explanation is that Ca 2+ binding in the receptor's VFT domain (Venus Fly Trap domain) leads to adoption of a conformation that supports amino acid binding [6] . Alternatively, Ca 2+ binding in the seven-transmembrane domain region may couple the amino acid-bound VFT domain with the recruitment of G-proteins and activation of other receptor-associated proteins. The demonstration that the CaR responds to Ca 2+ in truncated receptors that lack the VFT domain [7, 8] [5] . Subsequent analyses have demonstrated that amino acids are much more effective activators of intracellular Ca 2+ mobilization than various other signalling responses including inositol phosphate turnover [10] and ERK1/2 (extracellular-signalregulated kinase 1/2) activation [11] . More recent analysis using a novel quantitative assay of ERK1/2 indicates that amino acids do, in fact, enhance Ca o of this order can have a major impact on the physiological response. Thus the concept that the effects of amino acids are restricted solely to the regulation of intracellular Ca 2+ mobilization seems unreliable and it seems more likely that amino acids activate multiple CaRregulated signalling pathways that differ in the gain of the amino acid-dependent fine-tuning control mechanism.
It is interesting to contemplate whether there are circumstances in which amino acids are not just modulators of Ca concentration should be stable and above the threshold required for amino acid activation of the receptor and, secondly, that the amino acid concentration should be subject to excursions that are capable of activating the receptor. The lumen of the GI tract (gastrointestinal tract) and hepatocytes exposed to food and portal blood respectively are two obvious sites that are susceptible to marked increases in amino acid concentration in the millimolar range. The systemic blood also exhibits significant variations in amino acid concentrations following the ingestion of dietary protein [3] .
Expression of the CaR by epithelial cells and evidence for amino acid regulation of physiological function
The CaR is expressed widely in mammalian tissues and is expressed at high levels in endocrine cells such as parathyroid chief cells, thyroid C cells and anterior pituitary cells [13] . In The model incorporates the amino acid (AA) and Ca 2+ o -activated CaR along with histamine H2 and muscarinic receptors as one of the basolateral membrane receptors that promote gastric acid secretion [16] .
A possible role for the L-type amino acid transporter in the control of gastric acid secretion is also demonstrated [23] . ACh, acetylcholine; ECL, enterochromaffin-like; MLCK, myosin light-chain kinase. Modified from [3] with permission. c 2006 The American Physiological Society. the brain, the CaR is expressed in the ionic strength-sensing subfornical organ that provides inputs to hypothalamic centres that control antidiuretic hormone secretion, various other organs including the hippocampus and more diffusely on myelin-producing oligodendrocytes. Otherwise, it is widely expressed in epithelial tissues of the gut and kidney.
Since the parathyroid and thyroid arise embryologically from the pharyngeal pouches and retain some epithelial organization, the localization of the CaR in these sites is also usefully considered from an epithelial perspective. In the parathyroid, it localizes primarily to the apical membranes, which are also the primary sites for the exocytosis of PTH-containing secretory vesicles. In the GI tract, the CaR is expressed at high levels on the basolateral membranes of gastric parietal cells [14] . It provides an explanation for the recognized phenomena of Ca 2+ -dependent and amino acid-dependent activation of acid secretion [15, 16] , and the CaR's selectivity for aromatic amino acids provides an explanation for the recognized selectivity of gastric acid secretion for aromatic amino acids [17] (Figure 3) . The CaR is also expressed in epithelial cells and enteroendocrine cells of the small intestine [18, 19] . It seems plausible that the CaR mediates the known effects of aromatic amino acids, on cholecystokinin release and thus bile flow and pancreatic enzyme secretion (for a review, see [3] ).
In the kidney, the CaR is expressed at highest density on the basolateral membranes of the cortical thick ascending limb of Henle's loop and the apical membranes of the collecting ducts [20] . Consistent with these locations, elevated Ca 2+ concentrations interfere with Ca 2+ reabsorption in the cortical thick ascending limb and promote free water clearance in the collecting tubules by interfering with antidiuretic hormone-dependent water reabsorption [21] . Previous experiments on Ca
2+ and water excretion demonstrate that amino acids as well as other type II calcimimetics promote calcium and water excretion consistent with the idea that amino acids activate CaRs in several renal tubular segments [22] .
